Hearing loss is an etiologically diverse condition with many disease-related complications and major clinical, social, and quality of life implications. As the rate of acquired hearing loss secondary to environmental causes decreases and improvements in the diagnosis of abnormalities occur, the significance of genetic factors that lead to deafness increases. Advancements in molecular biology have led to improved detection and earlier intervention in patients with hearing loss. Subsequently, earlier implementation of educational services and cochlear implant technology in patients with profound hearing loss now results in superior communication skills and enhanced language development. The aim of this review is to provide a comprehensive framework underlying the causes of hearing impairment and to detail the clinical management for patients with hereditary hearing loss. Genet Med 2007:9(7): 393-408.
Hearing loss is the most common sensory disorder. It can be classified as conductive, sensorineural, or mixed (a combination of both); syndromic or nonsyndromic; and prelingual or postlingual. Estimates of the different types of genetic deafness exceed 400, and to date, 60 genes for syndromic and nonsyndromic hearing loss have been identified. 1 The expression patterns of these genes in the inner ear can be visualized on the Hereditary Hearing Loss Homepage (http://webh01.ua.ac.be/ hhh/) (Fig. 1) . 2 In the investigation of hearing loss, genetic forms must be distinguished from acquired (nongenetic) causes. The diagnosis of hereditary hearing loss requires otologic, audiologic, and physical examinations; a family history; ancillary testing (e.g., computed tomography examination of the temporal bone); and molecular genetic analysis. Molecular genetic tests are available for many types of syndromic and nonsyndromic deafness, although often only on a research basis. Clinically, testing of GJB2 and GJB6 plays a prominent role in diagnosis and genetic counseling because mutations in these genes account for more than 50% of severe-to-profound autosomal recessive nonsyndromic deafness in many world populations. Table 1 indicates the other forms of deafness for which molecular genetic testing is currently available.
A genetic hearing loss may be inherited in an autosomal dominant, autosomal recessive, or X-linked Mendelian manner, or through the maternal lineage by mitochondrial inheritance. Genetic counseling and risk assessment are dependent on the accurate determination of the specific genetic diagnosis. In the absence of a specific diagnosis, empiric recurrence risk figures, coupled with GJB2 and GJB6 molecular genetic testing results, may be used for genetic counseling.
IMPORTANT TERMINOLOGY "Hearing impairment" and "hearing loss" are often used interchangeably by health care professionals when referring to hearing below threshold levels for normal hearing determined by audiometry.
Deaf (small "d") is a colloquial term that implies hearing thresholds in the severe-to-profound range by audiometry.
Deaf culture (always a capital "D") refers to members of the Deaf community in the United States who are deaf and use American Sign Language. As in other cultures, the Deaf are characterized by unique social and societal attributes. They do NOT consider themselves to be hearing "impaired," nor do they feel that they have a hearing "loss." Rather, they consider themselves deaf. Their deafness is not considered to be a pathology or disease to be treated or cured.
Hard of hearing is a term that is more functional than audiologic. It is used by the Deaf to signify that a person has some usable hearing: anything from mild to severe hearing loss. In the Deaf community, persons who are deaf do not use oral language, whereas those who are hard of hearing usually have some oral language.
CLASSIFICATION OF HEARING LOSS
Hearing loss is classified by type, onset, severity, and frequency.
Type
Conductive hearing loss results from abnormalities of the external ear and/or the ossicles of the middle ear. In contrast, sensorineural hearing loss results from the malfunction of inner ear structures such as the cochlea. Mixed hearing loss is a combination of both conductive and sensorineural hearing loss, and central auditory dysfunction results from damage or dysfunction at the level of the eighth cranial nerve, auditory brainstem, or cerebral cortex.
Onset
Prelingual hearing loss is present before speech develops. All congenital hearing loss is prelingual, but not all prelingual hearing loss is congenital. Postlingual hearing loss occurs after the development of normal speech. To calculate the percent hearing impairment, 25 dB is subtracted from the pure tone average of 500 Hz, 1000 Hz, 2000 Hz, and 3000 Hz. The result is multiplied by 1.5 to obtain an ear-specific level. Impairment is determined by weighting the better ear five times the poorer ear (Table 2 ). 3 Note: 1. Because conversational speech is at approximately 50 to 60 dB hearing level (HL), calculating functional impairment on the basis of pure tone averages can be misleading. For example, a 45 dB hearing loss is functionally much more significant than 30% implies. 4 2. A different rating scale is appropriate for young children, for whom even limited hearing loss can have a great impact on language development (Table 2) . 4 
Frequency
The frequency of hearing loss is designated as follows:
EPIDEMIOLOGY OF HEARING LOSS Prevalence and cause
Profound hearing loss is present in 1 of every 1000 to 2000 newborn infants. However, milder but still clinically significant degrees of unilateral or bilateral hearing loss occur in an additional one to two infants. 5, 6 More than 50% of all prelingual deafness cases are hereditary in nature, with the remaining 40% to 50% of cases secondary to environmental factors such as infectious or iatrogenic causes (Fig. 2) . 7, 8 The majority of genetic hearing loss diagnosed in infancy and early childhood is autosomal recessive in inheritance and nonsyndromic. Deafness at the DFNB1 locus is secondary to mutations in GJB2 and/or GJB6, which encode the proteins connexin 26 and connexin 30, respectively, and accounts for 50% of autosomal recessive nonsyndromic hearing loss. The carrier rate for the general U.S. population of northern European descent for a recessive deafness-causing GJB2 mutation is approximately 1 in 33. 9 Generally, the prevalence of hearing loss increases with age, reflecting the important impact of both genetics and the environment in its development. Indeed, interactions between environmental triggers and an individual's genotype can contribute to the development of hearing loss. For example, aminoglycosideinduced toxicity is potentiated on a genetic background that includes the mitochondrial DNA 1555 A-to-G mutation. 10 Environmental causes of hearing loss Acquired hearing loss in children commonly results from prenatal infections from the "TORCH" organisms (toxoplasmosis, rubella, cytomegalovirus, and herpes), or postnatally secondary to bacterial meningitis caused by Neisseria meningitides, Haemophilus influenzae, or Streptococcus pneumoniae, although meningitis-related hearing loss can be the sequelae of infections from Escherichia coli, Listeria monocytogenes, Streptococcus agalactiae, and Enterobacter cloacae (Fig. 2) . Perhaps most noteworthy is hearing loss from asymptomatic congenital cytomegalovirus infection. This type of sensorineural hearing loss is highly variable, can fluctuate, and can be difficult to diagnose definitively, although a recently developed polymerase chain reaction-based assay can retrospectively diagnose patients by using preserved umbilical cord blood. [11] [12] [13] [14] Acquired hearing loss in adults is most often attributed to environmental factors, the most common being noise exposure. However, an individual's susceptibility to hearing loss most likely reflects an environmental-genetic interaction.
Age-related hearing loss (presbycusis) is acquired and characterized by diminished hearing sensitivity and speech comprehension in noisy environments, slowed central processing of acoustic information, and impaired localization of sound. Affected persons may have difficulty in conversation, music appreciation, orientation to alarms, and participation in social activities. 15 The aging population in the Western world and the high prevalence of presbycusis combine to make age-related hearing loss a common social and health challenge. Ten percent of the Western population have a hearing loss severe enough to impair communication, and this rate increases to 40% in individuals aged more than 65 years.
Early newborn hearing screening
For the detection of congenital hearing loss, the U.S. federal government facilitated the creation of Early Hearing Detection and Intervention (EHDI) programs for early newborn hearing screening (http://www.infanthearing.org). EHDI programs aim to screen neonates for hearing loss immediately after birth or before hospital discharge. The programs include a follow-up arm to confirm hearing loss in neonates who do not pass their initial screening test so that intervention can be initiated to prevent delayed language acquisition. 16 
Hereditary hearing loss
EHDI program guidelines include three phases: screening, audiologic evaluation, and intervention (Fig. 3) . In the first phase, newborns are screened with evoked otoacoustic emissions (EOAE) or auditory brainstem response (ABR) to detect permanent bilateral or unilateral sensory or conductive hearing loss averaging 30 to 40 dB HL or more in the frequency region important for speech recognition. In the second phase, all infants who do not pass the initial screen are evaluated with a series of diagnostic audiologic tests, preferably before the age of 3 months. In the third phase, early intervention services are implemented before the age of 6 months for all infants with confirmed hearing loss. 16 
HEREDITARY CAUSES OF HEARING LOSS Syndromic hearing impairment
Syndromic hearing impairment accounts for up to 30% of prelingual deafness, but its relative contribution to all deafness is smaller because of the impact of postlingual hearing loss. Some of the more prevalent forms of syndromic hearing loss are listed in Table 3 .
Autosomal dominant syndromic hearing impairment

Waardenburg syndrome
Waardenburg syndrome (WS) is the most common type of autosomal dominant syndromic hearing loss. It consists of variable degrees of prelingual nonprogressive sensorineural hearing loss accompanied by pigmentary abnormalities of the skin, hair (white forelock), and eyes (heterochromia iridis). Because affected persons may dye their hair, the presence of a white forelock should be specifically sought in the history and physical examination. Four types are recognized-WS I, WS II, WS III, and WS IV-based on the presence or absence of other abnormalities. WS I and WS II share many features but have an important phenotypic difference; WS I is characterized by the presence of a lateral displacement of the inner canthus of the eye, which is known as dystopia canthorum, whereas in WS II this feature is absent. In WS III upper-limb abnormalities are present, and in WS IV, Hirschsprung disease is present. Mutations in PAX3 cause both WS I and WS III, and mutations in MITF and SNA12 are responsible for some cases of WS II. [17] [18] [19] [20] [21] Mutations in EDNRB, EDN3, and SOX10 have been confirmed to cause WS IV [22] [23] [24] Branchio-oto-renal syndrome Branchio-Oto-Renal (BOR) syndrome is the second most common type of autosomal dominant syndromic hearing loss. The BOR phenotype includes conductive, sensorineural, or mixed hearing loss; branchial cleft cysts or fistulae; malformations of the external ear; preauricular pits; and renal anomalies. 25, 26 Penetrance is high, and expressivity is extremely variable. [27] [28] [29] In approximately 40% of families segregating a BOR phenotype, mutations in the EYA1 gene have been identified. Mutations in SIX1 were recently discovered in a few BOR families without EYA1 mutations, 30 which is consistent with the known interaction of EYA1 and SIX1 proteins in transcriptional regulation and their involvement in the development of the mammalian ear and kidney. [31] [32] [33] There are a large number of BOR cases that appear to be genetic but for which no mutation has been identified.
Stickler syndrome
Stickler syndrome is an autosomal dominant disorder of type 2 collagen resulting in sensorineural hearing loss, cleft palate, congenital myopia, and spondyloepiphyseal dysplasia that eventually leads to osteoarthritis. The syndrome is common, and three forms are recognized based on the precise molecular genetic defect involved. STL1 is caused by mutations in COL2A1, STL2 is caused by mutations in COL11A1, and STL3 occurs secondary to mutations in COL11A2. 34 -37 STL1 and STL2 are characterized by severe myopia, which predisposes individuals to retinal detachment. Myopia is absent in STL3 because the COL11A2 gene is not expressed in the eye. Because of the substantial risk for retinal detachment, ophthalmologic assessment is mandatory in all persons diagnosed with STL1 and STL2.
Neurofibromatosis 2
Neurofibromatosis 2 (NF2) is associated with a rare, potentially treatable type of deafness. The hallmark of NF2 is hearing loss secondary to bilateral vestibular schwannomas. Impairment primarily begins in the third decade, concomitant with the growth of a vestibular schwannoma, and is generally unilateral and gradual but may be bilateral and sudden. 38 A retrocochlear lesion can often be diagnosed by audiologic evaluation, although the definitive diagnosis requires magnetic resonance imaging with gadolinium contrast. Affected persons are at risk for a variety of other tumors including meningiomas, astrocytomas, ependymomas, and meningioangiomatosis. 39 Mutations in NF2, which encodes the protein Merlin, are causative, and molecular genetic testing of NF2 is available for presymptomatic, at-risk family members to facilitate early diagnosis and treatment. Table 3 The molecular genetics associated with syndromic hearing loss Syndrome
Chromosomal locus Gene symbol
Autosomal dominant
Autosomal recessive
Jervell and Lange-Nielsen
Autosomal recessive syndromic hearing impairment
Pendred syndrome
Pendred syndrome is the most common form of syndromic hearing loss and is characterized by congenital severe-to-profound sensorineural hearing impairment, structural defects of the temporal bone and inner ear, and euthyroid goiter. Goiter is not present at birth and develops in early puberty (40%) or adulthood (60%). Delayed organification of iodine by the thyroid can be documented by a perchlorate discharge test. The hearing loss is associated with an abnormality of the bony labyrinth (Mondini dysplasia or dilated vestibular aqueduct) that can be diagnosed by computed tomography of the temporal bones (Fig. 4) . 40, 41 Vestibular function is abnormal in the majority of affected persons.
Mutations in SLC26A4 (PDS) can be identified in approximately 50% of multiplex families with a Pendred syndrome phenotype, and genetic testing of this gene is appropriate for persons with Mondini dysplasia or an enlarged vestibular aqueduct and progressive hearing loss. Early studies reported that Pendred syndrome accounted for up to 7.5% of congenital deafness, but contemporary studies suggest that the prevalence of Pendred syndrome is lower. 42, 43 Mutations in SLC26A4 also cause autosomal recessive nonsyndromic hearing loss at the DFNB4 locus.
Usher syndrome
Usher syndrome is one of the most common types of autosomal recessive syndromic hearing loss and is characterized by dual sensory impairments. Affected individuals are born with sensorineural hearing loss and early in life develop retinitis pigmentosa, a progressive degeneration of the retina that leads to loss of night vision, restriction of visual fields, and blindness by adolescence. Usher syndrome affects more than 50% of the deaf-blind in the United States. 44 It is of significance to note that the visual impairment from retinitis pigmentosa is usually not apparent in the first decade, thus making funduscopic examination before 10 years of age of limited utility. However, electroretinography can identify abnormalities in photoreceptor function in children as young as 2 to 4 years of age. During the second decade, night blindness and loss of peripheral vision become evident and inexorably progress.
Usher syndrome is both phenotypically and genotypically heterogeneous. Three types are recognized on the basis of the degree of hearing impairment and vestibular function. Usher syndrome type I is characterized by congenital severe-to-profound sensorineural hearing loss and vestibular dysfunction. Affected persons find traditional sound amplification ineffective and usually communicate manually. Because of the vestibular deficit, developmental motor milestones for sitting and walking are generally achieved later than normal. Usher syndrome type II is characterized by congenital mild-to-severe sensorineural hearing loss and normal vestibular function. Hearing aids provide effective sound amplification for these persons, and their communication is usually oral. Usher syndrome type III is the rarest form and is characterized by progressive hearing loss and progressive deterioration of vestibular function. 45 
Jervell and Lange-Nielsen syndrome
Jervell and Lange-Nielsen syndrome is the third most common type of autosomal syndromic hearing loss. The syndrome consists of congenital sensorineural hearing loss and prolongation of the QT interval as detected by electrocardiography (the abnormal QTc [c ϭ corrected] is Ͼ 440 ms). Affected individuals have syncopal episodes and may have sudden death. Although a screening electrocardiogram is not highly sensitive, it may be suitable for screening deaf children. High-risk children (i.e., those with a family history that is positive for sudden death, sudden infant death syndrome, syncopal episodes, or long QT syndrome) should have a thorough cardiac evaluation. Mutations in two genes, KCNQ1 and KCNE1, have been identified in affected persons. 46, 47 
Biotinidase deficiency
Biotinidase deficiency is secondary to absence of the watersoluble B-complex vitamin biotin. Biotin covalently binds to four carboxylases that are essential for gluconeogenesis, fatty acid synthesis, and catabolism of several branched-chain amino acids. If biotinidase deficiency is not recognized and corrected by daily addition of biotin to the diet, affected persons develop neurologic features such as seizures, hypertonia, developmental delay, ataxia, and visual problems. Furthermore, in at least 75% of children who become symptomatic, sensorineural hearing loss develops and can be both profound and persistent even after treatment is initiated. 48 Cutaneous features are also present and include a skin rash, alopecia, and conjunctivitis. With treatment that consists of biotin replacement, the neurologic and cutaneous manifestations resolve; however, the hearing loss and optic atrophy are usually irreversible. Therefore, if a child presents with episodic or progressive ataxia and progressive sensorineural deafness, with or without neurologic or cutaneous symptoms, biotinidase deficiency should be considered. To prevent metabolic coma, diet and treatment should be initiated as soon as possible. 48, 49 
Refsum disease
Refsum disease is a postlingual severe progressive sensorineural hearing loss associated with retinitis pigmentosa, peripheral neuropathy, cerebellar ataxia, and elevated protein levels in the cerebrospinal fluid without an increase in the number of cells. 50 It is caused by defective phytanic acid metabolism, and as such, the diagnosis is established by determining the serum concentration of phytanic acid. Two genes, PHYH and PEX7, have been implicated in the majority of Refsum cases, although a small number of patients exist in whom mutations have not been found. 51 Although Refsum disease is rare, it is important that it be considered in the evaluation of a deaf person because it can be easily treated with dietary modification and plasmapheresis.
X-linked syndromic hearing impairment
Alport syndrome
Alport syndrome is characterized by progressive postlingual sensorineural hearing loss of varying severity, progressive glomerulonephritis leading to end-stage renal disease, and variable ophthalmologic findings such as anterior lenticonus. Hearing loss usually does not manifest before the first decade of life, and the progressive myopia secondary to anterior lenticonus is considered by some authors to be sufficient to diagnose Alport syndrome. 52 Autosomal dominant, autosomal recessive, and X-linked inheritance are described. X-linked forms account for approximately 85% of cases and are attributable to mutations in COL4A5, a member of the type IV collagen gene family. 53 Autosomal recessive inheritance accounts for the majority of the remaining 15% of cases, with only a few autosomal dominant cases documented.
Mohr-Tranebjaerg syndrome (deafness-dystonia-optic atrophy syndrome)
Mohr-Tranebjaerg syndrome was first described in a large Norwegian family with apparent progressive postlingual nonsyndromic hearing impairment and classified as DFN1. 54 Reevaluation of this family, however, revealed additional findings, including visual disability, dystonia, fractures, and mental retardation, indicating that this form of hearing impairment is syndromic rather than nonsyndromic. 55 The gene for this syndrome, TIMM8A, is involved in the translocation of proteins from the cytosol across the inner mitochondrial membrane (TIM system) and into the mitochondrial matrix. 56, 57 Mitochonrial syndromic hearing impairment Mitochondrial DNA mutations have been implicated in a variety of diseases ranging from rare neuromuscular syndromes, such as Kearns-Sayre syndrome; mitochondrial encephalopathy, lactic acidosis, and stroke-like episodes; myoclonic epilepsy and ragged red fibers; and neuropathy, ataxia, and retinitis pigmentosa syndrome; to common conditions, such as diabetes mellitus, Parkinson disease, and Alzheimer disease. One mutation, the 3243 A-to-G transition in the gene MTTL1, has been found in 2% to 6% of individuals with diabetes mellitus in Japan. 58 Sixty-one percent of patients with diabetes mellitus carrying this mutation also have hearing loss. 58 -60 The hearing loss is sensorineural and develops only after the onset of the diabetes mellitus. The same mutation is associated with mitochondrial encephalopathy, lactic acidosis, and stroke-like episodes, raising questions of penetrance and tissue specificity, issues further confounded by heteroplasmy associated with mitochondrial conditions.
Nonsyndromic hearing impairment
More than 70% of hereditary hearing loss is nonsyndromic. 61, 62 Disorders discussed in this section are organized by mode of inheritance. The different gene loci for nonsyndromic deafness are designated DFN (for DeaFNess). Loci for genes inherited in an autosomal dominant manner are referred to as DFNA, loci for genes inherited in an autosomal recessive manner are referred to as DFNB, and loci for genes inherited in an X-linked manner are referred to as DFN. The number following these designations reflects the order of gene mapping and/or discovery.
It is important to realize that several recessive and dominant loci have been mapped to the same chromosomal region, and in many of these cases, allelic variants of a single gene have been found. Examples include DFNB2 and DFNA11, both of which map to 11q13.5 and are caused by mutations in MYO7A, the gene that also causes Usher syndrome 1B, and DFNB21 and DFNA8/12, both of which are caused by mutations in TECTA.
Autosomal dominant nonsyndromic hearing impairment
The characteristic phenotype of a person with autosomal dominant nonsyndromic hearing impairment is a progressive postlingual hearing loss that begins in the second to third decades of life. The condition is extremely heterogeneous, with multiple genes implicated in its pathogenesis. Audioprofiles may be distinct and therefore useful in predicting candidate genes for mutation screening. For example, mutations in WFS1 are found in 75% of families segregating autosomal dominant nonsyndromic hearing impairment that initially affects the low frequencies while sparing the high frequencies (Fig. 5) . Characteristic phenotypes are noted in Table 4 , which also lists the genes known to be associated with autosomal dominant nonsyndromic hearing impairment.
Autosomal recessive nonsyndromic hearing impairment
In many world populations, mutations in GJB2 account for 50% of persons with autosomal recessive nonsyndromic hearing loss. [63] [64] [65] The remaining 50% of cases are attributed to mutations in numerous other genes, many of which have been found to cause deafness in only one or two families. 66, 67 Extensive genotype-phenotype studies have shown that it is possible to predict the hearing loss associated with GJB2 mutations based on the specific genotype (Fig. 6) . 68 The largest study to date involved a crosssectional analysis of GJB2 genotype and audiometric data from
Hereditary hearing loss 1531 persons from 16 different countries with autosomal recessive, mild-to-profound, nonsyndromic deafness. 68 The clinical manifestations, molecular genetics, and phenotypes of genes known to cause autosomal recessive nonsyndromic hearing impairment are summarized in Table 5 .
X-linked nonsyndromic hearing impairment
DFN3 (mapped to Xq21.1) is characterized by a mixed conductive-sensorineural hearing loss, the conductive component of which is caused by stapedial fixation. In contrast with other types of conductive hearing loss, surgical correction is not accepted because an abnormal communication between the cerebrospinal fluid and perilymph results in leakage known as "perilymphatic gusher." Thus, a complete loss of hearing occurs when the oval window is fenestrated or removed. Radiology with computed tomography is helpful and demonstrates a dilation of the internal auditory meatus with an abnormal communication between the subarachnoid space and the cochlear endolymph. The causative gene for DFN3 is POU3F4. 69 Additional X-linked nonsyndromic hearing loss phenotypes include profound prelingual hearing loss characteristic of both DFN2 and DFN4. DFN6 is characterized by a bilateral highfrequency impairment beginning at 5 to 7 years of age and progressing, by adulthood, to severe-to-profound hearing impairment, covering all frequencies.
Clinical manifestations and molecular genetics of genes known to cause X-linked nonsyndromic hearing impairment are summarized in Table 6 .
Mitochondrial nonsyndromic hearing impairment
Some mitochondrial DNA mutations cause nonsyndromic hearing loss (Table 7) . In two families, a homoplasmic mutation at nt1555 (A-to-G) in the mitochondrial MTRNR1 gene has been reported. This mutation is also present in persons with aminoglycoside-induced ototoxic hearing loss. Two other families with maternally inherited nonsyndromic hearing loss have been identified with heteroplasmy for an A-to-G transition at nt7445 of the MTTS1 gene. The penetrance of the hearing impairment caused by these mitochondrial mutations is low, suggesting that unidentified genetic or environmental factors play an important role in the progression of the hearing impairment. 70 
CLINICAL EVALUATION AND DIAGNOSIS OF HEARING LOSS
Correctly diagnosing the specific cause of hearing loss can provide important prognostic information and is essential for accurate genetic counseling. The following clinical assessments are recommended.
Family history
A three-generation family history with attention to other relatives with hearing loss and associated findings should be obtained. Documentation of relevant findings in relatives can be accomplished through direct examination of those individuals or through review of their medical records, including au- diograms, otologic examinations, and DNA-based testing with appropriate consent.
Physical examination
All persons with hearing loss of unknown cause should be evaluated for features associated with syndromic deafness. Important features include branchial cleft pits, cysts or fistulae, preauricular pits, telecanthus, heterochromia iridis, white forelock, pigmentary anomalies, high myopia, pigmentary retinopathy, goiter, and craniofacial and skeletal anomalies. Neurologic examination of vestibular function with an ophthalmologic examination should be completed. The variable expressivity associated with syndromic deafness requires careful physical examination of the proband and other family members to make a correct diagnosis.
Audiologic findings
Establishing the diagnosis of a child or adult with presumed hereditary hearing loss can be difficult. One must both objectively assess auditory function and subjectively determine how a person processes auditory information, that is, hears. Physiologic tests, such as the ABR and the EOAE, are important objective determinants of the functional status of the auditory system and can be performed at any age. Audiometry refers to subjective testing that consists of both behavioral testing and pure tone measurement of air and bone sound conduction.
ABR uses sound stimuli in the form of clicks to evoke electrophysiologic responses that originate in the eighth cranial nerve and auditory brainstem. Surface electrodes record these responses and create a "wave V detection threshold." The ABR detection threshold correlates best with hearing sensitivity in the 1500-to 4000-Hz region in neurologically normal individuals. However, ABR does not reliably assess responses at low frequency (Ͻ1500 Hz).
Auditory steady-state response testing is an electrophysiologic measure of hearing acuity. Skin electrodes measure if the auditory response is phase locking to alterations in a continuous tonal stimulus. The continuous signal denotes that the average sound pressure level delivered is higher than that achieved with ABR, which uses repetitive click stimuli. This difference allows for auditory steady-state response testing to provide a measure of hearing sensitivity in children who demonstrate no response to ABR testing. EOAEs are sounds that originate within the cochlea and are measured in the external auditory canal using a probe with a microphone and transducer. EOAEs principally reflect the activity of the outer hair cells of the cochlea across a broad frequency range. EOAEs are only present in ears with hearing sensitivity better than 40 to 50 dB HL.
Immittance testing includes tympanometry, testing of acoustic reflex thresholds, and acoustic reflex decay. Immittance audiometry evaluates the peripheral auditory system, including middle ear pressure, tympanic membrane mobility, eustachian tube function, and mobility of the middle ear ossicles.
Behavioral testing includes behavioral observation audiometry and visual reinforcement audiometry. Behavioral observation audiometry is used in infants from birth to age 6 months and is highly dependent on the skill of the tester. Thus, behavioral observation audiometry is subject to error. Visual reinforcement audiometry is used in children from age 6 months to 2.5 years and may provide a reliable, complete audiogram. However, the skill of the tester is also essential to visual reinforcement audiometry, as is the child's maturational age.
Pure-tone audiometry (air and bone conduction) seeks to determine the lowest intensity at which an individual "hears" a pure tone as a function of frequency or pitch. Octave frequencies from 250 (close to middle C) to 8000 Hz are tested using earphones. Intensity or loudness is measured in decibels, defined as the ratio between two sound pressures. The average threshold for a normal hearing adult is between 0 and 20 dB HL, whereas sound at 120 dB HL is so loud that it can cause pain. Speech reception thresholds and speech discrimination are both assessed during pure-tone audiometric testing.
Air conduction audiometry presents sounds through earphones with thresholds dependent on the condition of the external ear canal, middle, and inner ear. Bone conduction audiometry presents sounds through a vibrator placed on the mastoid bone or forehead, bypassing the external and middle ears. Thus, thresholds are dependent on the condition of the inner ear. Conditioned play audiometry is used to test children from age 2.5 to 5 years. If a child is cooperative, a complete frequency-specific audiogram for each ear can be obtained. In conventional audiometry, the individual indicates when the sound is heard and is used to test individuals age 5 years and older.
An audioprofile refers to the recording of several audiograms on a single graph (Fig. 5) . The audiograms may be from one individual at different times, but more frequently they are from different members of the same family that segregate for T/T mutations comprised 35% of all genotypes, and the degree of hearing impairment in these persons was profound in 59% to 64% of persons, severe in 25% to 28% of persons, moderate in 10% to 12% of persons, and mild in 0% to 3% of persons. NT/NT mutations comprised 24% of all genotypes, and the degree of hearing impairment was mild in 53% of persons and severe to profound in 20% of persons. T/NT mutations comprised 40% of all genotypes, and the degree of hearing impairment was profound in 24% to 30% of persons and severe in 10% to 17% of persons.
deafness in an autosomal dominant trend. Plotting several audiograms with respective ages on the same graph allows for an age-related progression of hearing loss to be appreciated within a particular family. The composite picture is often characteristic of a specific genetic cause of autosomal dominant nonsyndromic hearing loss. One of the more characteristic audioprofiles is associated with DFNA6/14/38 hearing loss caused by mutations in WFS1 (Fig. 5) .
In older children or adults, a standard audiogram can be obtained. The presence or absence of hearing loss in other family members should be documented by formal audiometric testing. Individuals with progressive hearing loss should be evaluated for Alport syndrome, Pendred syndrome, and Stickler syndrome. Testing should also include temporal bone computed tomography.
Sudden or rapidly progressive hearing loss can present with temporal bone anomalies or be secondary to a neoplasm. Furthermore, immunologic diseases, trauma, infections such as syphilis and Lyme disease, and metabolic, neurologic, or circulatory disturbances may also lead to sudden hearing loss.
Laboratory and radiologic assessment
A thorough history and physical examination will support specific laboratory evaluations that are directed toward the suspected diagnosis. This includes an immunoglobulin-M antibody assay in the first few years of life to assess for intrauterine infections such as cytomegalovirus and hemoglobinopathy testing that may be associated with sensorineural hearing loss. Urinalysis and renal function tests may also be performed if Alport syndrome is suspected, and thyroid function tests The onset of DFNB8 hearing loss is postlingual (10 -12 years of age), whereas the onset of DFNB10 hearing loss is prelingual (congenital). This phenotypic difference reflects a genotypic difference: the DFNB8-causing mutation is a splice site mutation, suggesting that inefficient splicing is associated with a reduced amount of normal protein, which is sufficient to prevent prelingual deafness but not sufficient to prevent eventual hearing loss. should be ordered for patients with presumed Pendred syndrome. 71 Computed tomography is the best radiologic test for the evaluation of hearing impairment for anatomic abnormalities such as Mondini malformation or dilated vestibular aqueduct. 72, 73 Patients with hearing loss should also receive renal ultrasound to assess for abnormalities that may be associated with syndromic hearing loss such as BOR.
Molecular genetic testing
GJB2 and GJB6 molecular testing should be considered in the evaluation of individuals with congenital nonsyndromic sensorineural hearing loss and in families with nonsyndromic hearing loss in which two generations are involved. Strong consideration should also be given to "pseudodominant" inheritance of DFNB1. Pseudodominant inheritance refers to occurrence of an autosomal recessive disorder in two or more generations of a family and tends to occur when the carrier rate in the general population is high, as can be seen with assortative mating in the Deaf community.
Inner-ear defects (enlarged/dilated vestibular aqueduct and Mondini dysplasia) are associated with mutations in both SLC26A4 and POU3F4, and the detection of these temporal bone anomalies by computed tomography examination should prompt consideration of molecular genetic testing. 74 Other genes known to cause nonsyndromic deafness are listed in Tables 3 to 7 . Although molecular genetic testing is available for a number of these genes, the large size of many of these genes and their relatively small contribution to deafness make it impractical to offer such testing on a clinical basis at this time.
Prenatal testing
Prenatal diagnosis for some forms of hereditary hearing loss is technically possible by analysis of DNA extracted from fetal cells. Fetal material can be obtained by amniocentesis at 15 to 18 weeks' gestation or chorionic villus sampling at 10 to 12 weeks' gestation. Gestational age is expressed as menstrual weeks calculated either from the first day of the last normal menstrual period or by ultrasound measurements. It is important to note that for optimal evaluation, the deafness-causing allele(s) of a deaf family member should be identified before prenatal testing is performed.
Requests for prenatal testing for conditions such as hearing loss are not common. Differences in perspective may exist among medical professionals and within families regarding the use of prenatal testing, particularly if the testing is being considered for the purpose of pregnancy termination rather than early diagnosis. Although most centers would consider decisions about prenatal testing to be the choice of the parents, careful discussion of these issues is appropriate. Preimplantation genetic diagnosis may be available for families in whom the deafness-causing mutation(s) has/have been identified in a deaf family member. 
Related genetic counseling issues
Communication with individuals who are deaf requires the services of a skilled interpreter. Many deaf people are interested in obtaining information about the cause of their own deafness, including information on medical, educational, and social services rather than information about prevention, reproduction, or family planning. As in all genetic counseling, it is important for the counselor to identify, acknowledge, and respect the individual's/family's questions, concerns, and fears. 75, 76 Furthermore, members of the Deaf community may view hearing loss as a distinguishing characteristic and not as a handicap, impairment, or medical condition requiring a "treatment" or "cure," or to be "prevented." In fact, having a child with deafness may be preferred by Deaf parents over having a child with normal hearing. 77 The use of certain terms is preferred: probability or chance versus risk; deaf and hard of hearing versus hearing impaired. Terms such as "affected," "abnormal," and "disease-causing" should be avoided.
Management
Management of hereditary hearing loss is performed by a team that includes an otolaryngologist with expertise in the management of early childhood otologic disorders, an audiologist experienced in the assessment of hearing loss in children, a clinical geneticist, and a pediatrician. It may also be necessary to incorporate the expertise of an educator of the Deaf, a neurologist, and a pediatric ophthalmologist. Sequential audiologic examinations are essential to document the stability or progression of the hearing loss and to identify and treat superimposed hearing losses, such as middle ear effusion.
If an individual or the parents of a child raise concern about the possibility of hearing loss or, if the child is young, and there is concern regarding delayed speech development or poor social interaction, the initial evaluation should include a detailed history to explore possible acquired forms of hearing loss. A family history with pedigree construction, and a thorough otolaryngologic examination with particular attention to otoscopy and physical examination focusing on features that might suggest a syndromic type of deafness should also be performed.
An accurate test to quantify hearing acuity is paramount, and if one is not obtained, a return appointment should be scheduled as soon as possible to complete this part of the evaluation. On the basis of the data recorded from the initial evaluation, more specific tests can be requested that may include mutation screening of genes implicated in deafness.
In contrast with many other medical conditions, the management and treatment of hearing loss largely involves the social welfare system and incurs a growing cost to society. For a child with prelingual severe to profound sensorineural hearing loss, the total lifetime cost of hearing loss includes special education services, medical expenses, and the purchase of assisted devices, altogether exceeding U.S. $1,000,000. 78 Thus, early screening is only the first step in a successful and costeffective program whose main goals are early diagnosis and management, language development, and long-term success after intervention.
Intervention
Auditory deprivation through the age of 2 years is associated with poor reading performance, poor communication skills, and poor speech production. Thus, an important component of the evaluation is to determine which avenue of habilitation best suits the individual. Interventional services should begin before the age of 6 months for all infants, and possible treatments include hearing aids, vibrotactile devices, or cochlear implantation, which are now considered in children aged more than 12 months with severe-toprofound hearing loss.
Although decreased cognitive skills and performance in mathematics and reading are associated with deafness, examination of persons with hereditary hearing loss has shown that these deficiencies are not intrinsically linked to the cause of the deafness. For example, assessment of cognitive skills in individuals with connexin 26-related deafness reveals a normal Hiskey intelligence quotient and normal reading performance after cochlear implantation. Yet, it must be noted that educational intervention alone is insufficient to completely remediate these deficiencies, and evidence suggests that early auditory intervention, whether through amplification, otologic surgery, or cochlear implantation, is effective. 79 EHDI programs have reduced the average age at which hearing loss is confirmed (from 20 -30 months to 2-3 months) and now provide screening for approximately 93% of all newborn infants before hospital discharge. 80 Infants in whom appropriate intervention is begun within 6 months of life are able to maintain language, social, and emotional development that is commensurate with their physical development, in contrast with those in whom hearing loss is not detected until after 6 months of age. This observation is not dependent on the mode of communication, rather, improved language is found in early identified children who speak, sign, or use both modes of communication. 81 Although EHDI programs have dramatically improved the average age at which hearing loss is first recognized, early newborn hearing screens may fail to identify children with progressive hearing loss, which accounts for approximately 15% of preschool children with sensorineural hearing loss. 82 Furthermore, recent studies suggest that some children with GJB2 mutations may fail to express the phenotype of hearing loss at birth but then have a later onset of hearing loss. Whether this phenomena is attributable to the current EHDI criteria used to identify hearing loss or a true delay in the onset is unknown. 83 Thus, it is essential for primary care providers to have a low threshold for reevaluating an infant's hearing if parents show concern about possible hearing loss or observe delays in speech development, even if their children have passed a newborn hearing screen.
Agents and circumstances to avoid
Noise exposure is a well-recognized environmental cause of hearing loss. Because this risk can be minimized by avoidance, persons with documented hearing loss should be counseled appropriately.
Hereditary hearing loss
PREVENTION OF HEARING IMPAIRMENT
An ideal therapy has not yet arrived to correct hearing loss through replacement or regeneration of inner and outer hair cells. Although practices to one day repair inner-ear damage are currently under way, existing measures for the prevention of hearing loss must attempt to decrease the frequency of acquired and genetic hearing loss. 84 -87 Improved implementation of vaccination programs in developing nations, avoidance of exacerbating factors such as noise, and focused genetic counseling and health education in populations with a high prevalence of consanguinity are several methods that may assist in decreasing the prevalence of acquired and hereditary hearing loss. 
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